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Predictions for LHC physics are worked out for a two-Higgs-doublet model having four generalized 
CP symmetries. In this maximally- CP -symmetric model (MCPM) the first fermion family is, at tree 
level, uncoupled to the Higgs fields and thus massless. The second and third fermion families have a 
very symmetric coupling to the Higgs fields. But through the electroweak symmetry breaking a large 
mass hierarchy is generated between these fermion families. Thus, the fermion mass spectrum of the 
model presents a rough approximation to what is observed in Nature. In the MCPM there are, as in 
every two-Higgs-doublet model, five physical Higgs bosons, three neutral ones and a charged pair. 
In the MCPM the couplings of the Higgs bosons to the fermions are completely fixed. This allows 
us to present clear predictions for the production at the LHC and for the decays of the physical 
Higgs bosons. As salient feature we find rather large cross sections for Higgs-boson production 
via Drell-Yan type processes. With experiments at the LHC it should be possible to check these 
predictions. 
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1. INTRODUCTION 

The Standard Model (SM) of particle physics is very 
successful in describing the currently known experimental 
data; see pQ for a review. Nevertheless, the SM leaves 
open a number of theoretical questions. Thus, various 
extensions of the SM have been studied extensively. With 
the start-up of the LHC we can hope that experiments 
will soon give decisive answers in which way - if at all - 
the SM has to be extended; see [5] for a brief overview of 
these topics. 

In this paper we shall study a particular two-Higgs- 
doublet model (THDM) and develop its LHC phe- 
nomenology. The model, which we want to call 
maximally-CP-symmetric model (MCPM) for reasons 
which will become clear later, has the field content as 
in the SM except for the Higgs sector, where we have 
two Higgs doublets instead of only one. Many ver- 
sions of THDMs have been studied in the literature; see 
[31 HI E EJ [TOJ EJ [H [Ml EH rrgHS] and ref- 
erences therein. In our group we have studied various 
aspects of the most general THDM in [T7J [TB] ■ A class 
of interesting models having a maximal number of gen- 
eralized CP symmetries was found. In [19] these models 
were studied in detail and it was shown that the require- 
ment of maximal CP invariance led to a very interesting 
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structure for the coupling of fermions to the Higgs fields. 
Maximal CP invariance requires more than one fermion 
family if fermions are to get non-zero masses. With the 
additional requirement of absence of flavor-changing neu- 
tral currents at tree level and of mass-degenerate mas- 
sive fermions a unique Lagrangian was derived. This La- 
grangian is very symmetric between the second and third 
fermion families before electroweak symmetry breaking 
(EWSB) occurs. But after EWSB the third family be- 
comes massive, the second family stays massless. In this 
model also the first family is massless and the Cabibbo- 
Kobayashi-Maskawa (CKM) matrix equals the unit ma- 
trix. Of course, all this is not exactly as observed in 
Nature. But, on the other hand, it may be a starting 
point to understand some aspects of the large fermion 
mass hierarchies observed experimentally. 

In the present paper we shall work out concrete predic- 
tions for LHC physics which follow from the two-Higgs- 
doublet model with maximal CP invariance, the MCPM, 
having the large fermion mass hierarchies as discussed 
in QJ]. In Sect. [2] we recall the main features of the La- 
grangian. In Sect.[3]we give our predictions for the decays 
of the physical Higgs particles of the MCPM. Section [4] 
deals with Higgs-boson production at the LHC. We draw 
our conclusions in Sect. [5] In Appendix |A"| we give the 
explicit form of the Lagrangian and some Feynman rules 
of the MCPM. If the MCPM, in the strict symmetry 
limit, represents not too bad an approximation to the 
real world then this should also be true for its LHC phe- 
nomenology as discussed in this paper. Thus, our work 
should be considered as presenting the generic features 
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of this phenomenology. 

2. THE MODEL 

A detailed study of the MCPM can be found in 
Ref. [IS]. Here we want to recall the motivation and 
the essential steps to construct this model. 

The general gauge-invariant and renormalizable poten- 
tial V((pi,<f2) of the two Higgs doublets cpi and if2 is a 
hcrmitian linear combination of the terms 



Pifji (fifiKfk'Pl) 



(1) 



with i,j,k,l e {1,2}. The SU(2) L x U(1) Y invariant 
scalar products are arranged into the hermitian, positive 
semi definite. 2x2 matrix 



K(x) := 

Its decomposition reads 
1 



K(x) = -(K (x)1 2 + K(x)ct) 



(2) 



(3) 



with Pauli matrices a a (a = 1,2,3). In this way one 
defines the real gauge-invariant functions 



K 
K 3 



<p\<Pi + <pl<P2, Ki = 2 Re (^1^2, 
<p\yi - (p\ip 2 , K 2 = 2lvmp\ip 2 . 



(4) 



In terms of these functions the general THDM potential 
can be written in the simple form 

V = £ K (x) + | T K(x) + 7700 Kl{x) 

+ 2K (x)tj t K(x) + K t (x)EK(x) , (5) 

with K = (Ki, K2, K3) 1 - and parameters £o 5 ^oo, three- 
component vectors £, r\ and the 3x3 matrix E = E T . 
All parameters in ^ are real. 

One now proceeds to study CP transformations in 
the general THDM. Writing the Higgs potential in the 
form |5| one finds a simple geometric picture for CP 
transformations. The standard CP transformation (CP S ) 
of the Higgs doublets is 

CP S 



(t = l,2) 



(6) 



where, due to the parity transformation x' = (xq, — x) T . 
In terms of the gauge invariant functions, this CP S trans- 
formation is simply Kq(x) — > Kq(x') and 



K x {x) 
K 2 {x) 
K 3 (x) 



-K 2 (x') , 
K 3 (x') . 



(7) 



CP 9 


W 


Ur 


Vl 


point reflection CPg 


£ 


e 


a 1 


2-3 plane reflection CPW 


a 3 


-a 3 


1 2 


1-3 plane reflection CPg" 2 ' 


I2 


1 2 


1 2 


1-2 plane reflection CP^ 3 


a 1 


-a 1 


a 1 



TABLE I: The matrices W of ^ and U L and Ur of Q for 
the four generalized CP invariances. 



Geometrically, this is a reflection on the 1-3 plane in K 
space in addition to the argument change. Motivated by 
this geometric picture, generalized CP transformations 
(CP S ) corresponding to reflections on planes (CP ff "^) as 
well as to the point reflection (CP^) in K space were 
studied in [T51 [T!5] ■ The CP^ transformation is given by 
Kq(x) — > Kq(x') and 



K(x) -» -K(x') 



(8) 



and plays a central role in the construction of the MCPM. 
In 19J some distinguishing features of this transformation 
are discussed. In terms of the original Higgs doublets 
these CP 9 transformations read generically 



tpi(x) -> Wijip*Ax') 



(9) 




The 2x2 matrices W corresponding to the transforma- 
tions CPf and to CVfl (a = 1,2,3), the reflections on 
the coordinate planes in K space, are given in the second 
row of Tab. [T] where we defined 



(10) 



The transformation CP^ % \ is, of course, just CP S given 
in 0. For CP^ (CP^) the transformation of the 
K vector is similar to ([7| but with the sign change for 
Ki (K 3 ). 

Now we are in a position to recall the construction prin- 
ciples of the MCPM, that is, a THDM which respects all 
generalized CP symmetries of Tab. |TJ We start with the 
THDM Higgs potential ([5]). Requiring it to be symmet- 
ric under the generalized CP transformation CP^ leads 
with a suitable basis choice to 

V(<fi,ip 2 ) = ^Ko+VooK^ + tuKf+^Kl+tisKi . (11) 

Note that here K a , (a = 1, 2, 3) enter only quadratically. 



This implies that the potential V of (111 is also invari- 



(a) 

ant under the transformation CP S = CP 2 which just 



9,2 



changes the sign of the component K 2 ; see Similarly 
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one finds invariance of V (11) under CP^ f and CPg 3 . 



Thus, the potential is invariant under the point reflection 
symmetry ^ as well as all three different reflections on 
the coordinate planes in K space. In this way the Higgs 
potential of the MCPM is determined. 

The next step is to extend these CP S symmetries to 
the Yukawa terms, which couple the fermions ip(x) to 
the Higgs doublets. We define the generalized CP trans- 
formations of the fermions generically as 



CP, 



1> a l (x) -> U L Q0 t° S(C) ^ L {x'), 

1p a R(x)^U Ra/3l S(C) $j R (x') 



(12) 



with family indices a, /3, S{C) — ij 2 ^/ the usual matrix 
of charge conjugation, and unitary matrices Ul and Ur. 
As shown in the detailed study [19] having only one fam- 
ily coupled to the Higgs bosons in a CP^ -symmetric way 
leads necessarily to vanishing Yukawa couplings, that is, 
to massless fermions. Thus, in the MCPM two families 
are coupled via Yukawa terms to the Higgs doublets. By 
convention these families are given the indices two and 
three. One finds that the Yukawa interactions are highly 
restricted requiring them to be invariant under the gener- 
alized CP transformations of Tab. [I] for the fermions ( 12 1 
and Higgs doublets jjj]). Mor eover, the Yukawa couplings 
are uniquely defined, if in addition to these CP g invari- 
ances one requires non-degenerate fermion masses and 
absence of large flavor-changing neutral currents (FC- 
NCs). The corresponding matrices Ul and Ur are pre- 
sented in the last two rows in Tab. |U Eventually, one 
ends up with the Yukawa part of the Lagrangian of the 
MCPM in the form 



- c R (x) ^2 (at) e 




sr(x)A(x) ( CL{ *\ 
\sl{x) j 



+ h.c. (13) 



first family remains uncoupled - at tree level - to the 
Higgs bosons in the MCPM. 

Now we come to the questions of stability and EWSB 
in the MCPM. As discussed in [151 H5] the MCPM is 
stable, produces the correct breaking SU(2)l x U{l)y — > 
£/(l) em , and has no zero mass or mass degenerate Higgs 



bosons if and only if the parameters of V in ( 11 ) satisfy 



Mi > M2 > Ms , 
Voo > , 
Mq + ? 7oo>0, for a =1,2,3, 
£o<0, 
Ms < . 



(14) 



Through EWSB only the Higgs doublet tp 1 gets a vacuum 
expectation value (VEV). In the unitary gauge we have 



ip 2 {x) 



^2 [v + p'{x) j 



H+(x) 
±(h'(x) + ih"(x)) / 



(15) 



(16) 



where p'(x), h'(x) and h"(x) are the real fields corre- 
sponding to the physical neutral Higgs particles. The 
fields H + (x) and H~(x) — (H + (x))* correspond to the 
physical charged Higgs pair. In ( [15) v is the standard 
VEV 

v « 246 GeV , (17) 
which is given in terms of the original potential parame- 



ters of (11) by 



-to 



Voo + M3 



(18) 



Inserting ( 15 1 and ( 16 ) into Q and ( 11 ) it is straightfor- 
ward to calculate the masses of the physical Higgs fields 
in terms of the original parameters 



2(-£o) , 
2^o (Mi - Ms) , 
2v 2 (M2 - Ms) , 
2u 2 (-Ms) • 



(19) 



where cj^ , and c^J are real positive constants, de- 
termined by the fermion masses as discussed below. The Conversely, one can express the original parameters 
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£o , •••) A*3 by vo and the Higgs-boson masses 
1 , 



Voo 
Mi 

M3 



"2^ > 



1 

1 



' 
L 

2«I 



2 ( m fe' ~ m H±) 



(20) 



1 

2v, 



2 m H± 



The stability and correct SU(2)l x f7(l)y symmetry 



breaking conditions (14) require positive squared masses 
and 



>m\,. 



(21) 



Thus, (21) is the only strict relation for the Higgs-boson 
masses which one gets in the MCPM. On the other hand, 
if we require that the Higgs sector has weak couplings 
only, we should have ryoo, ImiL 1^2 1 an d | A*3 1 to be less 
than or equal to a number of 0(1). From ( 19 1 we expect 
then that the masses of h', h" and H ± should be less 
than about 2v w 500 GeV. But by no means should 
this be considered as a necessary upper bound for the 
Higgs-boson masses in the MCPM. 



Upon EWSB the Yukawa term (13 1 produces masses 
for the charged fermions of the third family. Insert- 



ing (15 1 and (16 1 into (13 1 gives 



m T 


(1) v 
~ 13 V2 


nn 


(1) Vq 


m b 


(l) vq 
~ d3 V2 



(22) 



The fermions of the second and the first families stay 
massless in the fully-symmetric theory at tree level. Of 
course, this is only an approximation valid for the tree- 
level investigations. Fortunately, from the numerical 
studies which follow below, we will see that the main 
features of the LHC phenomenology of the MCPM are 
insensitive to the first- and second-family masses due to 
their smallncss. 

The next task is to express the Lagrangian of the 
MCPM in terms of the physical fields in the unitary 
gauge. This is done in Appendix [A] From there the Feyn- 
man rules of the MCPM can be read off. In Appendix [A] 
we give these rules for the three-point vertices which are 
relevant for us in the following. Some salient features are 
as follows. 



• The neutral Higgs boson p' couples to the third- 
family fermions as the physical Higgs boson p' SM 
of the SM. 

• The neutral Higgs boson h! has a scalar coupling 
to the second-family fermions. The Higgs boson 
h" which is lighter than h! has a pseudoscalar cou- 
pling to the second-family fermions. But the cou- 
pling constants for h! and h" are proportional to 
the masses of the third-iaxmly fermions, that is, to 
m T , m t and m&. 

• Also the charged Higgs bosons H ± couple only to 
the second-family fermions but again with coupling 
constants proportional to the masses of the third- 
family fermions. 

As we shall see in the following these features lead 
to quite distinct phenomenological predictions of the 
MCPM for LHC physics. 

We summarize this section. We have recalled the con- 
struction principles of the model which has the four gen- 
eralized CP symmetries of Tab. |T] As can easily be seen 



from (11) this is the maximal number of such symme- 
tries, including CP J*- 1 , one can have in a THDM if one re- 
quires absence of zero mass and mass degenerate physical 
Higgs bosons. Thus, the name maximally -CP 'symmetric 
model, MCPM, seems justified. The extension of the four 
generalized CP symmetries to the Yukawa interaction 
gave drastic restrictions for the family structure of the 
model and led, finally, with some additional arguments 



to the coupling (13 1. The remaining sections of this pa- 
per are devoted to discussing physical consequences of 
the MCPM. 



3. HIGGS-BOSON DECAYS 

The decays of the Higgs particles of the MCPM which 
are possible at tree level can be directly read off from 



the Lagrangian in the form given in (A. 5 1 of Appendix 
[A] We have decays of a Higgs particle into a fermion 
and an antifermion, and of a Higgs particle into another 
Higgs particle plus a gauge boson W or Z . Furthermore, 
we could have decays of one Higgs boson into two other 
Higgs bosons and one Higgs boson into another Higgs 
boson plus two gauge bosons if the mass differences of 
the various Higgs bosons are large enough. In the follow- 
ing we shall restrict ourselves to discussing the tree-level 
results for the fermionic and the Higgs boson plus gauge 
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Hi(k) 




fin) 



f(p>) 



-^0 + &75) 



FIG. 1: The diagram for the generic decay Hi — > /' / and 
the corresponding analytic expression for the vertex. 

boson decays and the results for the loop-induced two- 
photon and two-gluon decays. 



3.1. Fermionic decays 

The generic fermionic decay of a Higgs particle H\ is 

Hi(k)^f( Pl ) + f(p 2 ) (23) 

where / and /' denote the fermions and the momenta 
are indicated in brackets. The corresponding diagram 
and analytic expression at tree level for the vertex are 
shown in Fig. [JJ The possible decays together with the 
corresponding coupling constants a and b are listed in 
Tab. [n] There, N[ is the color factor which equals 1 for 
leptons and 3 for quarks. The decay rate for the generic 



decay (23 1 is calculated as 



T{H X - /' + J) = 
N[ w(m 2 Hi ,m 2 fJ m 2 f , 



8nv 2 



m,H 1 9(mH 1 — rrif — rrif>) 



"Hi 



2 |,|2 ( m f + m f) , ,2 



{m f -m r y 



t H 1 



(24) 



Here is the step function and 

1 /2 

w(x, y, z) = {x 2 + y 2 + z 2 — 2xy — 2yz — 2zx) (25) 



is the usual kinematic function. Inserting in (|24j) the 
values a and b from Tab. [IT] we get the results for the in- 
dividual decay rates as discussed below. For the fermion 
masses we use the values from [JJ. 

The rates for the decays of p' to ti and bb are, at tree 
level, as for the SM Higgs particle p'g M - In the strict 
symmetry limit of the MCPM, as we discuss it here, the 
first- and second-family fermions are massless and p' will 
not decay to them at tree level. In reality this will, of 
course, be only an approximation. In Nature we find 
very small but non-zero values for the ratios of first- and 
second-family masses to the corresponding third family 




ie C {k + pi)^ 



FIG. 2: The generic tree level diagram and vertex expression 
for the decay ([27]) 



masses; see (125) of [19]. Thus, we should conclude that 
the Higgs particle p' of the MCPM has the decays to 
second- and first-family fermions highly suppressed as is 
also the case for the SM Higgs boson p' SM - 

For the Higgs particles h' , h" , H + and H~ the domi- 
nant fermionic decays are according to Tab. [IT] 



b! —>cc , 
h —>cc , 
H + -^cs , 

n~ ->sc. 



(26) 



The numerical results for the decay widths with the s 



and c quark masses set to zero are given in Tab. Ill 



Note that these partial decay widths are proportional to 
the respective Higgs-boson mass. 



3.2. Decays of a Higgs particle into another Higgs 
particle plus a gauge boson 



Here we discuss the decays 



H 1 (k)^H 2 (p 1 )+V(p 2 ) 



(27) 



where Hi and H 2 generically denote Higgs particles and 
V a gauge boson, V = Z,W ,7. In (27 1 the momenta 



are indicated in brackets. The decay (27 1 can, of course, 
only proceed if > m# 2 + my. The generic tree 

level diagram and the analytic expression for the vertex 
for the decay ([27]) are shown in Fig. [2] In the MCPM 



h' always has higher mass than h"; see (plj). Also, no 



decays (27 1 with V = 7 occur at tree level. This leaves 



us with the decays shown in Tab. |IV| where we also list 
the corresponding values for the coupling constant C in 
the vertex diagram in Fig. [2j The decay rate for the 
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Hi 
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I 


a 


b 


H 2 + \b\ 2 


Ni 


P 


T 


f 




m T 





m 2 T 


1 




t 


i 




m t 





ml 


3 




b 


b 




m b 





m b 


3 


ti 




P 




—m T 





m\ 


1 




c 


c 




—mt 





ml 


3 




s 


s 




-m b 





ml 


3 


h" 




p 







—im T 


m 2 T 


1 




c 


c 







im t 


ml 


3 




s 


s 







—inib 


ml 


3 


H+ 


"ft 


p 




m T /\f2 


-m T /V2 


ml 


1 




c 


s 


(m t 


-m b )/s/2 


— (m t + m b )l\pl 


ml + ml 


3 


H~ 




p„ 




m T /\/2 


m T /y/2 


ml 


1 




s 


c 


{m t 


-m b )/s/2 


(ra t + m b )/\/2 


ml + ml 


3 



TABLE II: The fermionic decays of the Higgs particles in the MCPM and the corresponding coupling constants a and b of 
Fig.0 



decay 


partial width V [GeV] 


h' — > cc 
h" -> cc 
H+ -> cs 
H~ -> sc 


12.08 (m h ,/200 GeV) 

12.08 (m^/200 GeV) 

12.09 (m H ±/200 GeV) 
12.09 {m H ±/200 GeV) 



TABLE III: The partial widths for the leading fermionic de- 
cays of h' , h" , H + and H~ . The Higgs-boson masses have to 
be inserted in units of GeV. 



Hi 


H 2 


V 


c 


ti 


h" 


z 


—i/(2swcw) 


ti 


H+ 


w~ 


-l/{2s w ) 


ti 


H- 


W+ 


l/{2s w ) 


h" 


H+ 


w~ 


-i/(2s w ) 


h" 


H~ 


W+ 


-i/(2s w ) 


H+ 


ti 


W+ 


-l/{2s w ) 


H+ 


ti' 


W+ 


i/(2s w ) 


H~ 


ti 


w~ 


l/{2s w ) 


H- 


ti 1 


w~ 


i/(2s w ) 



TABLE IV: The decays (27 1 occurring at tree level in the 
MCPM if the masses satisfy mn 1 > mn 2 + mv- The last 
column gives the corresponding coupling constant C in Fig. [2] 
Here sw = svaOw and cw = cos 9w denote the sine and the 
cosine of the weak mixing angle, respectively 



process (27) is easily calculated: 

r(#i 



Ho 



V) 



a 



-\C\'9{m Hl - 
(m H2 + mvf 



m H2 - m v ) m Hl 
3/2 



"Hi 



1 



(m H2 



my 
m v ) 2 



Til 



Hi 



3/2 



(28) 



Here a — e 2 /(4ir) is the fine structure constant. The 



coupling constants C in (28) are given in Tab. IV 



The partial width for the decay of the h! boson into the 
h" boson and an additional Z-boson is shown as function 
of the h' mass for fixed h" masses in Fig. [3] We see 
that we get a width exceeding 10 GeV only for rather 
large mass differences of the two involved Higgs bosons. 
Considering for instance rrih" = 100 GeV we get from 
Fig. [3]r > 10 GeV only for m h > > 364 GeV. For m h » = 
300 GeV, T > 10 GeV is reached only for m h > > 517 GeV. 
For the charged Higgs boson decays into a neutral Higgs 
boson and a W boson we get quite similar results. 

3.3. Decays of neutral Higgs bosons into a photon 

pair 



Here we discuss the decays 

H 1 (k) -> 7O1) + 7(p 2 ) 



(29) 



in the MCPM where Hi generically denotes a neutral 
Higgs particle, 



#1 = p', ti, h" 



(30) 



G 
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FIG. 3: Partial width of the decay h! -> ti' + Z. Shown is this 
width as function of the Higgs-boson mass m h i for different 
fixed masses m h n from 100 to 500 GeV in steps of 100 GeV. 



\J 7(P>) 



+ lipx) «-> 7(P2) 



FIG. 4: Leading order diagrams for the decay .Hi — > 77 ([29 
with a loop of a fermion /. 



We have to consider in general contributions to the decay 



(29 1 via a fermion loop, a H^-boson loop and a loop of a 
charged Higgs boson. In Fig.[4]the Feynman diagram for 
the contribution of a fermion loop is shown. 



The couplings of the Higgs bosons ( 30 ) to the fermions, 
the VF-boson and the charged Higgs bosons are given in 
the Feynman rules in Appendix [XJ 



For the calculation of the decay rate for (29) we rely 
on the results of |3] which give 



r(#i ^7 + 7) = 



256tt 3 



E 



1 



Hi 



(31) 



i=f,W,H ± 

The contributions of the various loops are as follows: 
• fermion loops, 

I f Hi = AN I e) Rf /m 2 Hi F^(^) (32) 

with e/ the charge of the fermion in units of the 



positron charge, N[ the color factor and 



Rf = < 





mj, 


for H 1 =p',f = 


t,&,T 


—m t m c , 


for H 1 = ft', / = 


C 


-m b m Sl 


for Hi =h',f = 


s 


-m T m^, 


for Hx = ft', / = 


/" 


-m t m c , 


for Hi = h",f = 


c 


m b m si 


for H 1 = h"J = 


s 




for H 1 = h",f = 


M 


0, 


otherwise . 





(33) 



Furthermore we set 

f-2[l + (l -«)/(«)], fox H 1 = ( /,h' 



W -boson loop, 



for ffi = ft" 



(34) 



7^ = 0, I#=0, J^ = F l( ^) (35) 



with 



Fi{z) = 2 + 3z + 3z(2 - z)f(z) 



(36) 



• i? ± -boson loop, 



m =0, 1%, =0, i% = \ , g Fo(— g^) 



2m^ ± 



with 



F (z) = z[l-z/(z)] 
Finally, /(z) is defined as 



(37) 
(38) 



/(*) = 



In 



1-Vl-z 
2 



[arcsin(-^/l/z)] 



for < z < 1 
for 2 > 1 . 



(39) 

For the decays of the neutral Higgs bosons into a pho- 
ton pair we find only small widths from these results. 
The partial decay width of the p' boson is compared to 
the corresponding width of the p' SM in Fig. [5] We get 
significant deviations of the 27 decay widths of the p' 
boson and the SM boson p'g M only if m p < is near to or 
higher than twice the charged Higgs-boson mass which 
we set to m H ± = 250 GeV in this plot. Of course, the 
peak at twice the charged Higgs-boson mass is an arti- 
fact due to our neglect of the finite width of H^ in the 
calculation. The peak will become a broader structure if 
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the non- vanishing 77 ± width is taken into account. Let 
us note that even for large charged Higgs-boson masses 
the corresponding loop contribution does not decouple. 
This comes about as follows. Consider the diagram of 
Fig. [4] with a H ± loop instead of the fermion loop /. 



The p'H + H~ coupling contains a factor m? H± \ see (A. 5 1 
in appendix [X] The loop integration gives for large m 2 H± , 
using simple power counting arguments, a factor l/m 2 H± . 
The net result is a finite contribution to the amplitude 
p' — > 77 even for large m 2 H± . This is, of course, borne 



out by the explicit calculation in ( 37 I from which we find 

-\ (40) 
for m H ± — > 00 keeping m p i fixed. 



H = 



15 



For masses of the p' SM boson of 120 to 150 GeV the 
decay channel p'g M — > 77 is an important discovery 
mode at the LHC. We find here that the 2j width of 
p'sm an d °f the p' in the MCPM are quite similar for this 
mass range if m H ± > 200 GeV. As we shall show below 



in Sect. 4.2 also the production cross sections for p' and 
p'sm are practically equal. Thus, in the above mass 
range, the 27 channel is as good a discovery channel for 
p' as it is for p' SM . 

We turn now to the 27 decays of hi and hi' . We see 



from (32), (35 1 and (37 1 that here only the fermion loops 
contribute. This comes about since there are no cou- 
plings linear in hi or h" to a W + W~ and a H + H~ pan- 
in the MCPM; see (A. 5 ) of appendix |A| The only fermion 
flavors which contribute at one loop level to the 27 decays 
of h! and h" are the c and s quarks and the muon p. In 
the strict symmetry limit of the MCPM these fermions 
are massless. Of course, in reality they get masses. Thus 
we have kept these masses in the loop calculation. The 



structure of the results can be seen from ( 31 1-( 34 ) . Let 
us consider as an example the c-quark-loop contribution 
to hi — » 77. The factor 1%, (32) contains R% = —mtm c 
where m t originates from the hi cc vertex (see the Feyn- 
man rules in the appendix), whereas m c comes from the 

loop integration. The term (4m 2 . /mi,) is propor- 

2 

tional to ln 2 (m^' /m c ) for m c — > 0. Thus, 1^, vanishes 
for m c — > 0. For the muon and s-quark loops the dis- 
cussion is analogous. In the strict symmetry limit of the 
MCPM where m c = m s = m p = we have, therefore, 
T(h' — ► 77) = T(h" — > 77) = 0. In order to get a reason- 
able estimate for these rates we keep the finite fermion 
masses in the loop calculation. This estimate gives tiny 
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FIG. 5: Partial decay widths of the neutral Higgs boson p' 
and of the SM Higgs boson p' SM into a pair of photons. The 
charged Higgs-boson mass is supposed to be m H ± = 250 GeV. 



G(pi) 



+ G{ Pl ) <- G(p 2 ) 



FIG. 6: Leading order diagrams for the decay Hi — > GG ( 41 1 
with one loop of a quark q. 



partial rates. For the hi and hi' decays into a photon 
pair we find partial widths rising to about 3.5 keV for 
Higgs-boson masses increasing from zero up to 35 GeV. 
For Higgs-boson masses higher than 35 GeV the partial 
widths decrease monotonically with increasing masses. 
Thus, these partial widths are never larger than 3.5 keV 
which is very small compared to the decay widths of the 
main fcrmionic modes of Tab. IIIII 



3.4. Decays of neutral Higgs bosons into two gluons 

Here we discuss the decays 

H ± (k) - G( Pl ) + G( P2 ) (41) 
in the MCPM where Hi generically denotes a neutral 



Higgs particle ( 30 1 . The leading contributions to the de- 
cay (41 1 proceed via quark loops as shown in Fig. [6] 

The calculation of the diagrams of Fig. [6] is quite anal- 
ogous to that for the two-photon decay with an internal 
quark loop; see Fig. [4] Of course, in the gluon pair decay 
there are no contributions of a VF-boson and a i? in the 
loop. Replacing a by the strong coupling parameter a s 
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and changing the color factor appropriately we get 

2 

a 2 rn%r - — - 

r(f?i -> g + G) - s Hl 



128tt 3 v 2 



q=c,s,t,b 



with 



I q Hi = (AR^/m 2 Hl ) F^(Am 2 q /m 2 Hl ) 



(42) 



(43) 



and the factors R^ 1 from (33) for the different contri- 
butions of the quark flavors and the function F^ 1 from 



(34 1. Explicitly (42 1 reads for the neutral Higgs bosons 



p', h' and h": 
T(p' -^G + G) = 



128tt 3 vl 



2 1 l 2 

it s \ mi 



m l f p' ( ^4 



(44) 



T(h' ->G + G) = 



1287T 3 v 2 



nit 



Ami 



(45) 



and 



T(h" ^G + G) 



1287T 3 v 2 



4 rntmc F h>> f fro? 



Ami 



(46) 



For the numerics we take the strong coupling at the Z- 
mass scale, a s — 0.12 and nit — 171 GeV. 



Now we discuss the result (42 1- (46 1. Let us first con- 
sider the decay rate for p' —> G + G. The one-loop con- 
tributions from the t and b quarks are identical to the 
corresponding SM expressions. In the strict symmetry 
limit of the MCPM the other quarks, c, s, u and d are 
massless and do not contribute to p' — ► GG at one loop 
level. In reality we thus expect that their contribution is 
very small. The same is true in the SM where the c, s, 
u and d quarks together give only a 0.005% contribution 
to the decay width for p' SM — > GG. Thus we find that in 
the MCPM the decay rate for p' — > GG is practically as 
in the SM for p' SM . 

Turning now to the decays h! — > GG and h" — > GG 
we must clearly say that in the strict symmetry limit 
of the MCPM where m c = m s = we have T(h' — * 
GG) = T{h" -> GG) = 0; see §A5§ and d46b. But we 
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FIG. 7: Partial decay widths of the neutral Higgs bosons into 
a pair of gluons. 



can argue that in reality m c and m s are unequal to zero. 
Then, the Higgs particles h! and h" with the couplings 
to c and s quarks given in Appendix [X] will indeed decay 
into two gluons. The dominant contributions come from 
the c quark loops since the couplings of h! and h" to c 
quarks are proportional to the large t-quark mass. But 
even with this enhancement factor we find only partial 
widths of the order of MeV for the decays h! — > GG 
and h" — > GG, respectively; see Fig. [7] Comparing with 
the results for the dominant fermionic decay modes of h! 



and h" as shown in Tab. Ill we find that the branching 
ratios for h! — > GG and h" — * GG are predicted to be less 
than about 10~ 4 . Nevertheless, the results for the gluonic 



decays (41 1 will be needed for the discussion of the Higgs- 
boson production processes in the following section. 

We summarize our findings for the Higgs-boson decays. 

Firstly, we have results valid in the strict symmetry 
limit. We find that the p' decays are in essence as for 
the SM Higgs boson p' SM ■ Only if m p i comes near to or 
is larger than 2m H ± we do find large deviations between 
T(p' — * 77) and T(p' SM — > 77). If the Higgs particles 
h', h" and H have masses below about 400 GeV their 



main decays are the fermionic ones as given in ( 26 ) and 
Tab. |III| These rates can be taken as good estimates for 
the total decay rates of h! , h" and H ± , respectively. From 
^ and Tab. [Il] we can estimate the branching ratios 
for the decays into leptons of the second family as 



T(h' - 


p, p+) ^ 


^ T(h" -> p-p+) ^ 


T(h' 


-» all) 


T{h" -> all) 


T(H+ 




_ T(H~ - vrvj 




-> all) 


T(H~ -> all) 



(47) 



3(m 



3 x 10 



-5 
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FIG. 8: Branching fractions for the h" Higgs-boson decays 
into different available decay channels as functions of rrih" ■ 
It is supposed that m H ± = 200 GeV. The curve for h" — ► 
H ± W^ 1 corresponds to the sum of these two channels. 



FIG. 9: Branching fractions for the H + Higgs-boson decay 
channels as function of m H + . It is supposed that my = 
250 GeV and m h „ = 180 GeV. 
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In the symmetry limit the Higgs particles h', h" and 
H ± do not couple to the fermions of the first and third 
families. Thus, the branching ratios for the decays of 
the Higgs-bosons h', h" and H ± to leptons of the first 
and third families are predicted to be very small in the 
MCPM. Note that this predicted large suppression of the 
decay modes involving r and v T leptons relative to the 
modes involving /i and is a feature of the MCPM which 
distinguishes it from more conventional THDMs. 

Secondly, we have estimates going beyond the strict 
symmetry limit, where the masses of the second- and 
first-family fermions are zero. In the strict limit the decay 
rates T(h' -> 77) = T(h" -> 77) = T(h' -> GG) = 
T(h" — * GG) = 0. Of course, in reality these decay 
rates will be non-zero. We have given estimates for these 
decay rates using the physical values for the masses of 
the second- and first-family fermions in the corresponding 
loop calculations. These estimates give very small values 
for the above decay rates which, therefore, do not change 
the overall picture significantly. As an example we show 
in Fig. [8] the branching ratios for the h" Higgs-boson 
decays for the channels cc, ss, [ifi, H ± W T , GG and 77. 
It is supposed that the charged Higgs bosons have a 
mass of 200 GeV. As another example we show in Fig. [9] 
the branching ratios for the decays of the H + boson as 
function of its mass m H + supposing m-h' — 250 GeV and 
m h „ = 180 GeV. 



In this section we shall discuss the production of Higgs 
particles in proton-proton collisions at LHC energies. We 
write gcncrically 



P(Pi) + P(Pa) -» Hi(k) + X 



(48) 



where Hi denotes one of the Higgs particles of the 
MCPM; H 1 = p', h', h" , H ± . There are, of course, many 



contributions to (48 1. For a discussion of the contribu- 



tions to p'g M production in the framework of the SM see 
for instance [20] . 

We shall focus here on two different Higgs-boson pro- 
duction mechanisms in the MCPM, the quark-antiquark 
fusion and the gluon gluon fusion. As we shall see, we get 
in both cases results which are quite distinct from those 
obtained in more conventional THDMs; see for instance 



4.1. Higgs-boson production by quark-antiquark 
fusion 



Here we investigate the contribution to ( 48 1 from the 



quark-antiquark fusion, that is, the Drell-Yan type pro- 
cess. The generic diagram is shown in Fig. |10| The fu- 
sion processes which can occur in the MCPM are listed 
in Tab. [V] together with the coupling constants a and b 



in the diagram shown for the generic process in Fig. 11 



5(Pl) + 9'(p 2 )^tfiW- (49) 
For the p' we have a large coupling to the t quark. But 
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p(pi, 




FIG. 10: The generic diagram for the production of a Higgs 
particle Hi via quark-antiquark fusion, qq' — > Hi , in proton- 
proton collisions. 




-^( a + & 7s) 



FIG. 11: The generic diagram for the fusion process qq' — > Hi 
and the corresponding analytic expression for the vertex. 



even at LHC energies there are not many t and t quarks 
in the proton. Thus p' production via quark-antiquark 
fusion is unimportant in the MCPM. This conclusion is 
exactly as in the SM for p'g M ; see for instance [2"U] . 

For the h! and h" we have a very large coupling propor- 
tional to m t for c quarks. For the charged Higgs bosons 
H + and H~ there is a large coupling in the fusion pro- 
cesses with cs and sc quarks, respectively. There are 
plenty of c and s quarks in the proton at LHC ener- 
gies. Thus, these processes contribute significantly to 
Higgs-boson production. The total cross section for the 
production of a Higgs boson Hi via qq' fusion is easily 
evaluated from the diagrams of Figs. [lO]and[TT] We get 



Hi 


q q' 


a b 


M 2 + H 2 


P' 


t t 
b b 


m t 
nib 


to? 
ml 


h' 


c c 
s s 


— m t 
—mt 


ml 
ml 


h" 


c c 
s s 


im t 
—irrib 


m 2 t 
ml 


H+ 
H~ 


c s 
s c 


-^(m t — m b ) — -^(m t +m b ) 


m 2 t + ml 
ml + ml 



TABLE V: The quark-antiquark fusion processes contribut- 



ing to the Higgs-boson production ( 48 1 in the MCPM and the 



corresponding coupling constants in Fig. |11| 



with s — (pi + p 2 ) 2 , the cm. energy squared of the 
process p8|), the following: 



a(p{p 1 )+p(p 2 )^H 1 (k) + X)\ a -, 



qq' — fusion 



^(H 2 + I6| 2 )^ 



"Hi 



(50) 



Here we define 



F -1 



'Hi 



I 1 2 

dx x W q {x x ) J dx 2 N p -,(x 2 )5(x 1 x 2 ~ m f^) 


(51) 

where N^{x) and N?,(x) are the quark and antiquark 
distribution functions of the proton, respectively, at LHC 
energies. From ^ and Tab. [V]we get for the Drell-Yan 



type contributions to ( 48 1 



<r(p(pi) + P(pa) -+ h' + X)\ 



DY 



3vqS 



m t F cS 



mt, 



m 2 b F sS 



mt, 



(p(Pi ) + P(P2 ) -» h" + X) I DY = 
,2 



3vqS 



m 2 F c5 



<j{p{pi) + P{P2) -> H+ + X) 



m b F S s 



DY 



s (m t +m b )F a 



v(p(pi) + P{P2) - H~ + X)\ 



DY 

2 1 rm 2\ 



3VqS 



(m t + m b )F sS 



(52) 



(53) 



(54) 



(55) 



The cross sections ( 52 )-( 55 1 are shown in Fig. 12 for 
= 14 TeV, corresponding to the energy available at 
the LHC, as function of the Higgs-boson masses. We 
also show in Fig. [12] the results for Higgs-boson produc- 
tion in proton antiproton collisions for \/s = 1.96 TeV 
corresponding to the energy available at the Tevatron. 
Of course, for pp collisions the factor F q qi in (50 1 and 



(51 1 has to be replaced by an integral over proton and 



antiproton distribution functions 



Fqq> 



"Hi 



I 1 

d Xl Jdx 2 ( .y/i,-, 1 v/; (.,-,! 
i' 



+ NP(x 1 )NP(x 2 ^jS(x 1 X2 - ^ 



(56) 



We emphasize that all results of this subsection are 
obtained in the strict symmetry limit of the MCPM. 
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FIG. 12: The cross sections for Higgs-boson production via 
quark-antiquark fusion for proton-proton collisions at LHC 
energies (full lines) and for proton-antiproton collisions at 
Tevatron energies (dashed lines), respectively, as functions of 
the Higgs-boson masses. 



p(pi) 




FIG. 13: Diagram for the production of a Higgs particle Hi 
by gluon-gluon fusion in proton-proton collisions. 



4.2. Higgs-boson production by gluon— gluon fusion 

Here we study the production of the neutral Higgs par- 
ticles p', h' and h" via gluon-gluon fusion. The corre- 
sponding generic diagram is shown in Fig. [13] In leading 
order the gluons couple to the Higgs particle via a quark 



loop. The diagram of Fig. 13 is easily evaluated and gives 
for the total cross section 



<r(p(pi) + p(p 2 ) ->Hi+X)\ 



GG— fusion 



7r 2 r(iJi -> G G) 
8 s n%Hi 



, m 



F GG {^) , (57) 



where Hi = p' ,h' , and h" . The function Fqg is defined 

as 



F 



GG 



C^jr)=J dx i N a(xi) J dx 2 N p G (x 2 )S(x 1 x 2 ~ 1 ^) 



(58) 



FIG. 14: The cross sections for the production of p', h! and 
h" via gluon-gluon fusion as functions of the Higgs-boson 
masses in proton-proton collisions at a cm. energy of <Js = 
14 TeV (full lines) and in proton-antiproton collisions at ^/s = 
1.96 TeV (dashed lines), respectively. 



with Nq(x) the gluon distribution function of the pro- 
ton at LHC energies. Furthermore, T(Hi — > GG) is the 
partial decay width for Hi decaying into two gluons as 
discussed in Sect. 13.41 

Setting Hi = p' in (57 1 and using T(p' — ► GG) from 



(44 1 we get the cross section for p' production via gluon- 



gluon fusion in the MCPM. The result as shown in Fig. 14 
is valid in the strict symmetry limit of the MCPM and 
coincides with that from the SM for p' SM ; see for instance 
[22] . Setting successively Hi = hi and Hi = h" in (57 1 



we obtain with (45) and (W6| our estimates, in the sense 



discussed at the end of Sect. |3] for the corresponding 
production cross sections as shown in Fig. [14] Again, 



we give in Fig. 14 also the cross sections for Higgs-boson 
production via gluon-gluon fusion in proton-antiproton 
collisions at ^/s — 1.96 TeV. 



5. DISCUSSION AND CONCLUSIONS 

In this article we have given phenomenological predic- 
tions for proton-proton collisions at LHC energies in the 
framework of a two-Higgs-doublet model satisfying the 
principle of maximal CP invariance as introduced in |19j . 
In this maximally-CP-symmetric model (MCPM) there 
are three neutral Higgs particles, p', b! and h", and one 
charged Higgs-boson pair H ± . We have investigated the 
decays of these particles. The Higgs particle p' behaves 
practically as the Higgs particle p' SM in the SM. Only 
the 27 widths of p' and p'sm may differ substantially for 
rn.pi > 300 GeV. The particles ti, h" and ff ± , on the 
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other hand, are predicted to have quite interesting prop- 
erties. They couple to the fcrmions of the second family 
with coupling constants given by the masses of the third 
family. As a consequence the main decays of these Higgs 
particles are the fermionic ones of Tab. |III| if the Higgs 
masses are below about 400 GeV. For larger Higgs-boson 
masses, the decay into a lighter Higgs boson associated 
with a gauge boson may become dominant, as shown in 
examples by the branching ratios in Figs. [8] and [9] 

We have studied the production of the Higgs bosons 
hi and h" in proton-proton and proton-antiproton col- 
lisions via quark-antiquark and gluon-gluon fusion. We 
have found that the much higher gluon densities com- 
pared to the quark densities in the proton do not com- 
pensate the loop suppression of the leading order gluon- 
gluon fusion process. Thus we find the Drell-Yan process 
with the annihilation of cc quarks dominating the produc- 
tion cross sections for hi and h" . The Drell-Yan process 
also leads to a similar production cross section for H + 
and H~ via the annihilation of cs and sc quarks, respec- 
tively. In this way we get for the Higgs bosons h', h" and 
H ± , if their masses are below 400 GeV, quite high pro- 
duction cross sections exceeding 100 pb at LHC energies. 
This is shown in Fig. |T2j With an integrated luminosity 
of 100 fb _1 this translates into the production of more 
than 10 s Higgs bosons of the types hi , h" and -ff if their 
masses are around 200 GeV. For Higgs-boson masses of 
400 GeV the number of produced particles hi , h" and iJ* 
is predicted to be of order 10 7 . These produced Higgs 
bosons will mainly decay into c- and s-quarks giving two 
jets. But, of course, there is a very large background from 
ordinary QCD two-jet events. Perhaps it will be possi- 
ble to detect the Higgs-boson production events over the 
QCD background using c-quark tagging. Clearly, this 
presents an experimental challenge. A further possibility 
is to use the information from the angular distribution 
of the two jets. For the decays of the scalar particles 
hi, h" and H ± the two-jet angular distributions must be 
isotropic in the rest frame of the decaying particle. Con- 
trary to this, the QCD two-jet events are peaked in the 
beam directions. Clearly, only a detailed Monte Carlo 
study including an investigation of the QCD background 
and the detector resolution can tell if the particles h', h" 
and H ± are observable in their two-jet decays with the 
LHC detectors. 

A promising signal for detecting the Higgs bosons hi, 
h" and H ± of the MCPM is provided by their leptonic 



decays 



h' - 




>" 


h" - 


v 


-fjT 


H+ - 


v 




R~ - 


->fJT 





(59) 



In (47 1 we have estimated the branching fractions for 
these decays to be about 3 x 10~ 5 for Higgs-boson 
masses below 400 GeV. With an integrated luminosity 
of 100 fb _1 and the number of produced Higgs bosons 
given above we predict then around 3000 leptonic events 



for each of the channels in ( 59 1 if the Higgs-boson masses 



are around 200 GeV. For Higgs-boson masses of 400 GeV 
we still have 300 leptonic events for each of the decays in 



( 59 1 . We emphasize that a distinct feature of the MCPM 
is that decays involving the leptons r and v T as well as 
e and v e should be highly suppressed compared to the 
muonic channels (59 1. We may note that the /i + pT chan- 



nel will be prominent at the LHC for the search for new 
effects including for instance heavy Z' bosons or Kaluza- 
Klein particles, see for instance [231 [23] • Thus, the sup- 
pression of the r and e channels for the Higgs bosons of 
the MCPM may be an important way for distinguishing 
the MCPM from other possibilities for physics beyond 
the SM. 

To conclude, we have in this article presented concrete 
predictions for the production and decay of the Higgs 
bosons of the MCPM. We found the Drell-Yan type pro- 
cess to be the dominant production mechanism. But, 
of course, there are also other mechanisms, which we 
hope to investigate in future work, for instance, Higgs- 
strahlung in quark-quark collisions. Thus, the predicted 
numbers of produced Higgs bosons given above for the 
LHC are in fact lower limits. We are looking forward to 
the start up of the experimentation at the LHC, where 
it should be possible to check our predictions. 
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APPENDIX A: THE LAGRANGIAN AFTER 
EWSB 

The task is to express the Lagrangian Jz? of the MCPM 
in terms of physical fields in the unitary gauge. This 
Lagrangian is given by 



Yuk 



■-S3 



FB 



(A.l) 



where „2fb is the standard gauge kinetic term for the 
fermions and gauge bosons; see for instance [25]. The 
Higgs-boson Lagrangian is denoted by jSf^, the Yukawa 
term, giving the coupling of the fermions to the Higgs 
fields, by Jz?Yuk- In [HI IS] the form for J5f v and J2y u k was 
derived from the requirement of maximal CP invariance, 
absence of flavor-changing neutral currents and absence 
of mass-degenerate massive fermions. For ££ v the result 
is 



(A.2) 



where are the covariant derivatives and V is given 



in ( 11 ). The Yukawa term, Jzfyuki is given in ( 13 ) 



Using the unitary gauge we insert for the Higgs-boson 



fields <pi and if 2 the expressions (15 1 and (16), respec- 



tively. In the following we use as independent parameters 
of the Lagrangian the fine structure constant a, respec- 
tively e = V^Lto;, the Fermi constant G F , the mass mz 
of the Z-boson, the Higgs-boson masses m 2 



m H±1 see (17 1- (20), and the fermion masses m T , m t , m&; 



see (22 1. With this, the following parameters are depen- 
dent ones: sw = sin 9w, cw = cos 6w, where 9w is the 
weak mixing angle, the mass myy of the W boson, and 
the VEV v . The corresponding tree-level expressions for 
them in terms of the independent parameters are 



1-(1 



l2G F m\ 

^2 



1/2 



a/2 



V2G 



(A.3) 



vo 



= 2- 1 /4 G -V2 i 



Keeping this in mind we find for K0—K3 of Q , inserting 



(151 and (161, 



K =\(v + p'f + \{h 12 + h" 2 ) + H+H- , 

Ki =(«o + p')ti , 
K 2 =(v + p')h" , 

K 3 = \{vo + p') 



(A.4) 



'\2 



-(h' 2 + ti' 2 )-H+H- 



We get from (A.l) the following explicit form of Jzf. 



The expression for the fcrmion-boson term Jz?fb is stan- 
dard and can be found for instance in [25]. For J^+Jzfyuk 
we get 

-^c/p ~t~ °^Yuk 

\m 2 p> vl + \{d,pi){d»pi) 
+ m 2 w W~W + ^{\ + ^) 2 



m%Z^(l + ^) 2 + {d»H+){d»H-) 



+ l(d ll h'){d»ti) + \{d ll ti'){d»ti') 



1 WAp i2 + V + tV 4 ) 



2" " 
1 



1 







m 2 h ,ti 2 --(m 2 p , + 2m 2 h ,)ti 2 



1 



1 



^m 2 h „h" 2 -^m 2 p , + 2m 2 „)h" 2 



-m 2 H± H + H- - (m 2 ,+2m 2 H± )H + H 
"1 



v 2v 2 

1 , 1/2 

1 / 1/2 

vo 2ujJ 



m 2 , 



2v 2 



-(ti 4 + h" 4 + 2ti 2 ti' 2 ) 
4 



(h' z + ti u )H+H~ + (H+Y(H- 



+ ie( 



-w °w 
2sw c w 



Z^(h"d^h' -h'd^h") 



w+^h'd^H- -H-dph') 



2swcw 
ie 

^W-»{tid^H+ -H+d^ti) 

-^W + »(ti'd,H- -H-d^h") 
Zsv 



nv 



2s 



W-»(h"d u H + - H + d u h") 



w 



^ w Z,Z^H + H- 
2s w cw J 

c 2 w- s 2 w z A n H + H - + A P A»H+H- 
s w c w 



2„2 2 t 1 



Z^(h' 2 + h" 2 ) 
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H + H~ 



'w 

-,2 
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— i 

■ o 

1 

2sw 

,,2 



2sw 



sw 
c w 

sw 
cw ' 

sw 
c w 

sw 
cw 
1 



Afj)W +tl H~h' 



A^W-^H+ti 



A^W+^H-h" 



A^W-^H+h" 



rn 



Vq 



m t tt{\ H p') 

v 

m b bb(l + —p') 

Vq 



III 



wo 

im 



-pph' 



m t 



cch! 



,// im t - in . im b _ „ 
-pi5pn> C75C/1 H sj^sh 

V V Vq 

+ [^(1 + l5 )pH+ + fl(l ~ j^H-] 

- 7y|^{ 5 [ m *( 1 ~ 7s) ~ mfe ( 1 +75)] 

+ s [m 4 (l + 75) - m 6 (l - 75)] cH~ j. 



(A.5) 



From (A.5 1 it is easy to read off the Feynman rules in 



the unitary gauge. We list here only the Higgs-boson- 
fcrmion vertices and the vertices for two Higgs bosons 
and one gauge boson. The arrow on the W and H 
lines indicates the flow of negative charge. In case a 
momentum occurs in the Feynman rules, the momentum 
direction is indicated by an extra arrow. 
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